Background: The prospects of deciphering the genetic program underlying embryonic development were recently boosted by the generation of large sets of precisely organized quantitative molecular data. In contrast, although the precise arrangement, interactions, and shapes of cells are crucial for the fulfilment of this program, their description remains coarse and qualitative. To bridge this gap, we developed a generic software, 3D Virtual Embryo, to quantify the geometry and interactions of cells in interactive three-dimensional embryo models. We applied this approach to early ascidian embryos, chosen because of their simplicity and their phylogenetic proximity to vertebrates. Results: We generated a collection of 19 interactive ascidian embryos between the 2-and 44-cell stages. We characterized the evolution with time, and in different cell lineages, of the volume of cells and of eight mathematical descriptors of their geometry, and we measured the surface of contact between neighboring blastomeres. These analyses first revealed that early embryonic blastomeres adopt a surprising variety of shapes, which appeared to be under strict and dynamic developmental control. Second, we found novel asymmetric cell divisions in the posterior vegetal lineages, which gave birth to sister cells with different fates. Third, during neural induction, differences in the area of contact between individual competent animal cells and inducing vegetal blastomeres appeared important to select the induced cells. Conclusions: In addition to novel insight into both cell-autonomous and inductive processes controlling early ascidian development, we establish a generic
Introduction
The genomics revolution has produced a very large amount of molecular data, which are currently used in developmental biology studies to dissect the molecular pathways leading to the activation of specific developmental programs. Much of this effort is geared toward unravelling the molecular regulatory networks that preside over cell-fate specification [1, 2] .
While fate specification is largely driven by transcriptional regulatory networks, it cannot succeed in the absence of a precise embryo topology. For example, in the case of inductions, it is crucial that the cells emitting a signal and those competent to respond to it be within signaling range. This may involve morphogenetic/migratory events and/or a careful segregation of competence factors and inducers in adjacent territories via oriented cell divisions. To fully understand an induction event, the identification of the inducers, competence factors, and downstream targets thus needs to be complemented by a detailed characterization of the geometry and spatial arrangement of individual tissues or cells in developing embryos. Except in few specific cases [3, 4] , the mechanisms controlling cell geometry have, however, received little attention in metazoan embryos. There is a considerable gap between the extensive, quantitative molecular and expression data gathered in the genomics projects and the largely qualitative and coarse description of cellular or tissue geometry. Bridging this gap will involve the development of digital systems, or virtual embryos, to quantify cell morphology and spatial position and to integrate these data within molecular model organism databases.
Several ongoing projects use imaging technology to fulfil this aim. The principal project of interactive 3D embryos, the Edinburgh Mouse Atlas Project (EMAP [5] ), allows the mapping of gene expression data in space. The various structures of the embryo are represented, and their spatial arrangement can be intuitively visualized. Quantitative measures of their geometry and spatial arrangement are, however, not provided. In contrast, the 3D-DIASemb project [6] was specifically developed to quantify cell motions and morphology in the simple embryos of the worm C. elegans. This system, however, is not interactive, does not provide a formal quantification of the interactions between cells, and is not connected to a model organism database.
To achieve a more integrated view of embryonic development, we developed a generic open source software named 3D Virtual Embryo. This software displays interactive three-dimensional embryo models with a level of resolution adaptable to the model organism of choice. It integrates a set of mathematical tools to quantitatively characterize the morphology, spatial arrangement, and physical contacts between the anatomical parts composing the embryo. To relate geometry, anatomy, and molecular data, 3D Virtual Embryo was integrated as a module of an advanced model organism database, NISEED, we recently developed (O.T. et al., unpublished data).
To illustrate the potentialities of 3D Virtual Embryo, we first applied it to early ascidian embryos. Ascidians are model organisms of choice because their embryos develop with a small number of cells and an invariant lineage, allowing their study a cellular level of resolution. Furthermore, a large set of genomic data was gathered in recent years, including assembled sequences of two small and compact annotated Ciona genomes [7, 8] , more than 700,000 ESTs, and expression patterns for around 20% of predicted protein-coding genes [9, 10] . Finally, the phylogenetic position of ascidians, which diverged from vertebrates near the root of the chordate tree, and the sharing of at least some of embryonic strategies with vertebrates [7] suggests that the study of these simple embryos will shed light on the more complex vertebrates.
Results

Construction of a Set of Virtual Cleavage-Stage Ascidian Embryos
We first designed a procedure to generate a collection of 3D models of embryos, made of individualized cells and covering pregastrula ascidian development. Because Ciona intestinalis embryos are small-140 mm-but only relatively transparent, we used two-photon confocal microscopy to image embryos, fixed between fertilization and the 44-cell stage, after fluorescent staining of blastomere cortices ( Figure 1A ). The resulting z-stacks of 2D optical sections (see Movie S1 and Figure S1 in the Supplemental Data available with this article online) were used to reconstruct embryo models. Several technologies can be used to represent biological objects, such as organelles, cells, or anatomical structures, in three dimensions. The EMAP Project chose a voxel (volumetric pixel) representation, which retains all the information from the image stack, but results in very large model files. 3D-DIASemb [6] made a different choice. Only the external envelope of biological objects is represented, by means of polygon meshes, a representation known as vectorial 3D. 3D Virtual Embryo uses this latter strategy to reconstruct the contour of each cell ( Figures  1B-1E ), which is subsequently named according to the ascidian nomenclature [11] (see Experimental Procedures). This leads to 3D files sufficiently small to be easily exchanged between labs or visualized on modest personal computers used by biologists. Additional subcellular components such as the cell nuclei can also be stained and included in the embryo model (not shown). For more complex embryos, in which a cellular resolution cannot be reached, higher-order structures such as tissues or organs can be individually reconstructed. With this procedure, we generated 19 interactive embryo models covering the egg, 2-, 4-, 8-, 16-, 24-, 32-, and 44-cell stages of Ciona intestinalis as well as a late 32-cell stage of Halocynthia roretzi. These embryos, as well as some reconstructed partial embryos, form the basis of the analysis below. Figure 2A presents the general interface of 3D Virtual Embryo. Interfaces in the right window provide textual information on selected 3D objects, such as cells or anatomical structures, and allow the user to place queries on them. The left window displays the 3D model uploaded by the user. When loaded into the software, each 3D object is given by default a translucent appearance, to provide a global view of the embryo and to simultaneously visualize fore-and background cells. The names of cells or anatomical structures defined at the time of embryo reconstruction are displayed as a list in the right-hand ''Anatomy'' panel. They are also displayed as 3D text objects placed at the center of gravity of each cell.
Visual Exploration of Virtual Embryos
The embryo models are fully interactive. Each cell or structure can be individually selected, either by clicking on its 3D representation with the computer mouse or by selecting it by its name in the list of structures appearing in the textual right-hand Anatomy interface. The color, transparency (0%-100%), and appearance (translucent, opaque, wireframe, or points) of selected and unselected objects can be edited by using the ''display settings'' panel ( Figure 2C ).
These basic features permit the visualization of the shape of individual blastomeres. Although the outside appearance of Ciona embryos can be likened to that of a raspberry, Figure 2A illustrates the diversity of the shapes of individual cells. For example, at the late 32-cell stage, the animal blastomere a6.8 has a tall columnar shape, the vegetal blastomere B6.2 is large and compact, the posterior vegetal B6.3 blastomere is small and flattened, and B6.1 or A6.2 have complex shapes, with concave and convex surfaces. The precise shape of a cell or structure can be observed by selecting it and choosing a wireframe ( Figure 2D ) or point ( Figure 2E ) representation for surrounding unselected cells. Cells or structures can also be virtually ablated by showing unselected cells as opaque and hiding the selected object(s). This function allows the observation of inner embryonic structures ( Figures 2F and 2G) . Alternatively, the inner architecture of an embryo can also be revealed by virtually slicing it along one or several of its three axes ( Figure 2H ) or by displaying thin embryo slices ( Figure 2I ).
In addition to providing the qualitative description of the shape and position of individual blastomeres presented in this section, 3D Virtual Embryo was designed to provide a quantitative description of the shape of individual structures and of their relative spatial arrangements. The following sections present these functions, which can be accessed via the ''Biometry'' interfaces.
Quantitative Analysis of Cellular Geometry Suggests a Sophisticated Developmental Control of Cell Shape
To quantitatively describe the geometry of individual blastomeres and its evolution, we defined mathematical descriptors for the size, elongation, roundness, flatness, convexity, squareness, surface over volume ratio, and entropy of each cell (see Experimental Procedures). These measures involved the comparison of the object to its convex hull or to its best-fitting rectangular parallelepiped (bounding box). As expected, the shape of the bounding boxes is in keeping with the intuitive description of the cells provided at the end of the first section for a mid-32-cell embryo ( Figure 3A ). a6.8 is bounded by a tall and narrow box, B6.2 by a square box, and B6.3 by a flat box. Computations of these geometry descriptors quantified the elongated character of a6.8, the compact character of B6.2, and the flattened shape of B6.3 at the mid 32-cell stage and more generally provided a geometrical ''signature'' for each blastomere ( Figures 3B and 3C) . Reconstruction of several sibling embryos at the early 32-cell stage revealed the consistency of this signature between embryos ( Figure S2A-S2D ). To test whether this signature was sufficient to unambiguously identify each cell in early embryos, we calculated for each embryo a distance matrix between cell shapes and represented the results as a tree (see Figure S3 for details of the computations and examples of the trees). In at least one reconstructed embryo of each of the 4-, 16-, 24-, and 32-cell stage, more than 75% of cells were found geometrically closest to their contralateral counterpart ( Figure S3 and data not shown), suggesting that the descriptors provide adequate discrimination between cells at these stages. To assess the variability in cell shape between embryos, we analyzed four early 32-cell embryos, including three from the same batch of eggs. We found a variable number (6 to 14) of contralateral pairs of cells grouping together even between sibling embryos (see Figure S3) . Thus, ascidian embryos, while generally bilaterally symmetrical, may tolerate some level of asymmetry. In the future, live imaging and reconstruction of additional embryos will allow this issue to be rigorously tested.
Comparing the descriptor values obtained at different stages for a given cell allows the user to plot their evolution and to compare it between cells or groups of cells. For instance, Figure 4A illustrates that the elongation of cells of animal and vegetal hemisphere is differentially regulated. Up to the early 32-cell stage, vegetal cells are on the whole slightly more elongated than animal cells. Animal cells then sharply elongate during the second half of the 32-cell stage, before contracting again at the 44-cell stage. Amusingly, between the early 32-cell stage and the mid 44-cell stage, the elongation factors of opposing animal and vegetal cells change in precisely opposite manner with time as exemplified for a6.8 and A6.1 on Figure 4B . This elongation is, however, not uniform among the cells of each hemisphere. Figure S4A illustrates, for instance, that between two representative early 32-and late 32-cell stage embryos, the a6.5 cell pair elongates significantly less than the other animal cells. Taken together, these findings suggest an elaborate developmental control of the shape of cells.
Regulation of Cell Volumes and Identification of Unequal Divisions
To test whether alterations in the shape of cells could be coupled to changes in their volume, we studied the evolution of cell and embryo volume with time. As our procedure involves the reconstruction of embryos fixed at Although these differences were always found on the left and right sides of individual embryos, they were not consistently found in all embryo models. Reconstruction of additional models, if possible from living embryos, will be required to determine whether these differences are artifactual or represent transient differences in cell volumes. The situation was clearer in the B-line cells. During cleavage stages, previous experimental work revealed the presence of asymmetric divisions in the most posterior B-line cells, a phenomenon attributed to the presence of a ''centrosome attracting body'' (CAB) in the posterior vegetal cortical region of the B4.1, B5.2, and B6.3 cell pairs [12] . In agreement with this work, the volumes of B5.1/B5.2 and B6.3/B6.4 sister pairs were markedly different at the 16-and 32-cell stages, respectively (not shown and Figures 5A and 5B). In addition, although their mother cells did not inherit the CAB, the volumes of the anterior-most B6.1/ B6.2 sister cells showed significant differences, from their birth at the 24-cell stage to the late 32-cell stage, just prior to their division ( Figure 5B ). The percentage of inequality of these cleavages was very robust and remarkably similar in all early 32-cell embryos, independent of their level of bilateral symmetry ( Figure S2G ). Furthermore, this feature was evolutionarily conserved in Halocynthia roretzi (not shown). At the next (44-cell) stage, B6.2 divided in turn to form an unequally sized B7.3/B7.4 sister pair (not shown). Remarkably, these novel unequal divisions all gave rise to differently fated sisters: B6.1 gives rise to endoderm, B6.2 to mesoderm, B7.3 to notochord and mesenchyme, and B7.4 to muscle. The consistency of the event in all embryos, its correlation with the acquisition of distinct fates, and its evolutionary conservation suggest that these unequal divisions may be functionally significant.
Spatial Arrangement of Blastomeres, Cellular
Interfaces, and the Regulation of Inductive Processes In parallel to the regulation of individual cell shapes, changes in the relative position of cells are a major determinant of embryo shape during and beyond gastrulation. Three distances between structures are computed by 3D Virtual Embryo and displayed in the ''Distance'' tab of the Biometry section: the distance between the centers of gravity of two objects (indicative of the global relative positions of structures), the minimal distance which exists between the two closest points of their surfaces (indicative of potential contacts), and the distance between the furthest points (which relates to the dimensions of the structure).
Communication between neighboring cells or structures plays a crucial role during embryonic development. The distance computation described above was therefore used to identify neighboring, and thus potentially communicating, blastomeres, those whose minimal distance falls below a given threshold (default is 5 mm) that can be adapted to the anticipated range of the signaling event ( Figure 6A ). In embryos with a very small cell number such as early ascidian or nematode embryos, inductive interactions are thought to occur at very short range by direct cell contact. Neighborhood relationships were thus complemented by a measure of the area of contact between neighbors ( Figures 6A and 6B ). By using this tool, we looked for hints that a precise regulation of the area of contact between adjacent blastomeres is important during early Ciona embryogenesis.
At the 32-cell stage, the Ciona intestinalis anterior neural tissue is induced from a-line blastomeres in response to A-line-derived FGF9/16/20 [13] . Interestingly, while all animal blastomeres (a-and b-line) are competent to respond to the inducer and while most of them contact the inducing cells, the FGF signaling pathway is activated in only 4 of 16 animal blastomeres (the a6.5 and b6.5 cell pair) in vivo [14, 15] . To look for an explanation for this restriction, we calculated the area of contact of each animal blastomere with the inducing A-line cells. To compensate for differences in size of embryos within a species, or between species, this value was normalized by dividing the measure of the area of contact between an animal blastomere and the A-line by the total surface of the animal blastomere. As presented in Figure 6C and Figure S2H , for each measured animal blastomere, this ratio was conserved between early 32-and 44-cell stages Ciona embryos. It was even evolutionarily conserved in a late 32-cell stage Halocynthia embryo, in spite of the size difference between the embryos of the two species. In all cases, a6.5 and b6.5 had the largest relative area of contact with inducing cells. This suggests that the area of contact between competent and inducing blastomeres is an important parameter to determine which cells are induced.
To further test this hypothesis, we experimentally manipulated the surface of contact between the animal Figures 6D-6I ). These half embryos developed remarkably normally, allowing the identification of individual a-and A-line cells in the two anterior and four lateral halves that we reconstructed. The surface of contact between a-line and A-line was increased in both types of explants with a larger increase in anterior explants ( Figure 6J ). While the a6.7 cell established as large a contact with the A-line as the a6.5 cells in anterior and lateral explants, the surface of contact between a6.8 and the A-line was only significantly increased in anterior explants. In sibling whole embryos analyzed at the 44-cell stage (n = 317), expression of Ci-Otx was restricted to a6.5 and b6.5 cell pairs in 94% of embryos ( Figure 6E) , with 6% of embryos additionally expressing Ci-Otx in a6.7 cells. In sibling anterior explants, Ci-Otx expression was restricted to two cells (a6.5, not shown) in only 5% of explants (n = 132). In 83% of cases, marker expression was detected in 3 or 4 cells (in positions consistent with a6.5 and a6.7 identities, Figure 6G ) and found in 5 cells (a6.5, a6.7, a6.8, not shown) in 10% of explants. This ectopic expression was unlikely to be due to the removal of a repressive influence emitted by the posterior lineages, as a similar increase was observed in the lateral halves (n = 209). While 38% of explants showed expression in two cells only (a6.5 and b6.5), 58% of explants expressed Ci-Otx in an additional cell located in between the normal two expressing cells and thus likely to be a6.7 ( Figure 6I ). Thus, in both whole and bisected embryos, the surface of contact between an animal blastomere and the A-line very strongly correlated, qualitatively and quantitatively, with the expression of Ci-Otx, further strengthening the proposition that the area of contact between animal and inducing cells is an important parameter in the selection of induced cells. This also suggests that Ci-FGF9/16/20 acts only at very short range. Interestingly, the response to the inducer does not seem to be proportional to the surface of contact, but rather to be defined by a threshold value: while the area of contact between a6.7 and the A-line was half of that between a6.5 and the A-line in whole embryos, activation of the downstream MAP kinase ERK or of the direct transcriptional target gene Ci-Otx is only very rarely detected in this blastomere in Ciona ( [14, 15] and above).
Linking Virtual Embryos to Anatomical and Genomics Data
The previous sections highlighted how 3D Virtual Embryo, used in stand-alone mode, helps identify novel developmental events. The identification of the molecular regulators of these processes requires that quantitative morphological data be put in relation with a model organism database. We therefore interfaced 3D Virtual Embryo to the Ascidian NISEED database hosting molecular, embryological, and anatomical data (O.T. et al., unpublished data).
For this, each object of a 3D embryo model was linked to the corresponding term in the NISEED hierarchical anatomical dictionary. As a consequence, the simple list of objects that appears in the ''anatomy'' interface in stand-alone mode is replaced by the complete hierarchical anatomical tree corresponding to the developmental stage of the model ( Figure 2B ). Terms close to the root of the tree represent a global structure (e.g., Mesoderm, A-line), while child terms correspond to more precise, nonoverlapping, structures (e.g., muscle, notochord, A6.2 cell pair). The user can thus simultaneously select and visualize all cells corresponding to a given cell lineage, germ layer, tissue, or organ at a given stage.
This concept was extended to the other anatomical knowledge fields of NISEED, which can be explored from 3D Virtual Embryo with the Anatomy and Fate interfaces. For example, with the ''From fates to structures'' interface, the user can select and visualize all cells in a model that will adopt a given destiny ( Figure 7A ). Conversely, the fates adopted by any selected cell or combination of cells can be obtained via the ''From structures to fates'' interface ( Figures 7B and 7C) . Likewise, one can explore lineage information in 3D. Figure 8 illustrates that the progeny of a structure selected at a given stage can be traced in models of successive developmental stages. Conversely, when switching to younger stages, the system displays the ancestors of a given structure. Should two cells displayed with different colors in the initial model share the same progenitor at an earlier stage, this progenitor blinks alternatively with the colors of the original selections (not shown).
3D Virtual Embryo can also be used as an interface to query and represent the spatial expression data from in situ hybridization experiments or cis-regulatory sequences included in NISEED. The simplest option, named ''From gene to structures,'' allows the display in 3D of the expression of one or several genes, cDNA clones, or reporter constructs ( Figure 9A) . A different color can be allocated to each experiment displayed, and territories of overlap between expression domains alternatively blink in the corresponding colors. A second option, named ''From structures to genes,'' identifies genes or reporter constructs expressed in a set of selected 3D structures and excluded from another ( Figures  9C and 9D) . The expression patterns of the identified genes can then be displayed in 3D on top of the initial selection and compared to the position of the cells of interest to the user (not shown).
3D Virtual Embryo thus constitutes a powerful interface to intuitively and didactically mine and display anatomical and molecular information included in NISEED. This is, however, just a first application of the integration of 3D and molecular data. As the number of expression profiles included in NISEED increases, it will become possible to search for and find genes specifically expressed in cells of given shapes or adopting a specific cellular behavior and thus shed light on the molecular control of these processes.
Discussion
In this article, we described a generic software aiming at quantifying the morphology, arrangement, and interactions between anatomical structures in metazoan embryos and to relate these parameters to their genetic control. By using 3D Virtual Embryo to analyze the simple Ciona intestinalis early cleavage embryos, we found a surprising diversity and dynamic evolution of cell shapes, we identified novel asymmetric divisions, and we provided a plausible explanation for the restriction of the induction of anterior neural tissue to a minority of animal cells. To further explore the relationships between these processes and their molecular control, we have interfaced 3D Virtual Embryo to the NISEED database environment and presented a few examples of the advantages of this integration.
Ascidian Embryogenesis Is Driven by CellAutonomous Mechanisms and Very Short-Range Inductions
While ascidians have long been considered a prime example of mosaic development driven by the action of localized maternal determinants, more recent studies illustrated that, as in nematodes, inductive interactions play a crucial role in fate-specification processes [16] . Given the small embryo size and the very small number of cells present in these embryos, the spatial extent of inductive interactions has to be very precisely controlled, otherwise too many cells would adopt the same fate. Two mechanisms can be envisaged to spatially restrict the influence of an inductive clue, as exemplified during neural induction. First, competence to respond to the neural inducer is spatially limited to the animal cells by restricting the activity of a maternal transcription factor, GATAa, to the animal hemisphere [13] . Second, all animal cells can respond to the inducer by activating the early neural marker Otx [13] [14] [15] 17] . Among these cells, only a minority adopts a neural fate, suggesting that the inducer may be spatially restricted. The data presented here suggest indeed that the extent of contact between competent and inducing cells is a key determinant of the induction. Further, our data suggest that cells do not respond linearly to the concentration of inducer, but follow a threshold response.
Toward a Quantitative Biometrical Approach to Embryonic Development
The above example, and the automatic identification of novel unequal cleavages in early Ciona embryos, illustrate the power of a quantitative approach to embryonic cell shapes and spatial arrangement. 3D Virtual Embryo has several unique features that distinguish it from the pioneering software in the field, 3D-DIASemb [6] .
First, while 3D-DIASemb and 3D Virtual Embryo share a vectorial representation and compute morphological parameters on segmented objects, the computations they offer differ. 3D Virtual Embryo computes fewer shape descriptors than 3D-DIASemb. Yet our preliminary analysis reveals that these descriptors are sufficient to discriminate between the shapes of the different cells of early ascidian embryos. In addition to computations conceptually shared with 3D-DIASemb, 3D Virtual Embryo also computes descriptors of the interaction between cells. The user can further restrict the query by using a rolling menu to define structures in which genes of interest should not be expressed (C). The result of the query is presented in the right hand interface panel as an expandable tree, which can be organized in two ways. By default, priority is given to the names of the selected structures, which appear at the top of the hierarchy (C). Child nodes are the genes expressed by each structure, and for each gene, its biological names and corresponding expression patterns. The alternative visualization mode (D) gives priority to the gene IDs, which appear at the top of the hierarchy. Child nodes include the associated biological names, the structures expressing the gene, and for each of these the cDNA or reporter construct used and the identifier of the corresponding NISEED data.
Second, 3D Virtual Embryo can be used both as a stand-alone program, like 3D-DIASemb, and as a module of a model organism database, NISEED, which hosts morphological, molecular, and anatomical data. Comparison of molecular, expression, and morphological data may point to regulators of cell fate or behavior. For example, as the expression patterns of the majority of signaling ligands have been determined in Ciona [10] , the automatic identification of the neighbors of a cell, or field of cells, expressing a given ligand, may simultaneously point to novel inductive events and to the inducer. Likewise, it should be possible to look for genes preferentially expressed in cells showing a specific geometry. This will, however, require an increase in the number of genes whose precise spatial expression pattern has been described, and which currently only represent a small minority of predicted Ciona gene models.
Genericity of 3D Virtual Embryo and Use with Different Model Organisms
Use of 3D Virtual Embryo and NISEED is not restricted to ascidian embryos. Both systems were designed as generic software adaptable to a variety of model organisms. The biological system used in this article, the Ciona embryo, has the peculiarity of being small and developing with very few cells and with a fixed lineage. It thus offers cellular resolution. Other systems share these characteristics and would be ideally suited for a morphological analysis of their development with 3D Virtual Embryo. These include, for instance, the nematode Caenorhabditis elegans because of its very small embryo size and the existence of transgenic lines expressing membrane-tagged GFPs [18] and of a rich body of embryological and molecular data that can be confronted to morphological analysis. As in Ciona, inductions in C. elegans are thought to occur at short range, and it would be interesting to test whether the area of contact between blastomeres is also an important parameter. The Appendicularian Oikopleura dioica, another invertebrate chordate, is also thought to develop with an invariant lineage (reviewed in [19] ). This lineage has, however, not been described in detail, in part because the cleavages are very rapid and deviate from bilaterality. As a result, cell identities are very difficult to recognize. Use of 3D Virtual Embryo, which provides for each cell a morphological footprint, should ease the description of the appendicularian lineages by allowing recognition of identical cells in different embryos.
Embryos developing with a large cell number can also benefit from 3D Virtual Embryo. The level of resolution used can be adapted to the characteristics of the embryo and to the precision of the anatomical ontologies defined for each model organism. In complex embryos developing with large number of cells, the structures reconstructed will probably be at the level of the tissue types (notochord, muscle, neural plate). Likewise, the threshold for the detection of ''neighbors'' can be adjusted to take into account that in some embryos, inductive signals can travel over several cell diameters. As the procedures used to reconstruct embryo models vary with the size and complexity of the embryos considered, we chose not to include in the package any software to reconstruct embryos in 3D.
Future Prospects
This work presented the application of 3D Virtual Embryo to describe normal pregastrula Ciona development. The next logical step will be to generate the first detailed description of the evolution of cell shapes and trajectories during gastrulation. Another very interesting application of this software will be to quantify the effect of genetic or embryological perturbations on embryo morphology and morphogenesis. While this could already be done with very early embryos injected with Morpholino antisense oligonucleotides or electroporated with various constructs, a limiting factor for this type of studies is the tediousness of manual reconstruction of embryo models, reconstruction of a 44-cell embryo taking about a full day. Automatic or semiautomatic segmentation algorithms have been described [20, 21] and can be successfully used in ascidians to segment nuclei or other isolated subcellular structures (not shown). The quality of the phalloidin staining we used is, however, not sufficient to automatically reconstruct individual cells boundaries. We are currently developing membrane-targeted GFPs, which should improve the quality of the image stacks by increasing the contrast between membrane and cytoplasm. Such markers would additionally allow users to image live embryos.
Finally, a quantitative description of cell shapes and behaviors opens the way to the mathematical modeling of the mechanical constraints that determine the shape and position of each cell and hence the morphology of the embryo.
Experimental Procedures
System Requirements 3D Virtual Embryo can be downloaded under GNU Lesser General Public License at http://aniseed-ibdm.univ-mrs.fr/wciona/ANISEED/ virtual_embryo.php. It is written in Java and requires java 1.4 and java3D 1.3.1 or above (see the web site for the installation procedure). 3D Virtual Embryo is multiplatform and has been successfully tested under MacOs 10.3, Windows 2000/XP, and Linux Mandrake 10.
Generation and Staging of Embryos
Animals were collected in the Brest harbour by divers from the Marine Biology Station in Roscoff (France) and kept under constant light in Marseille. Embryos were obtained by in vitro fertilization and reared at 17ºC to 18ºC. Staging was done according to the number of cells in embryos, two consecutive stages being separated by at most 20 min. Substages of the 16-and 32-cell stages were defined according to the external shape of the embryo. Substages of the 44-cell embryos were defined by observing the phase of the cell cycle of animal cells, as determined by the observation of DAPI-stained chromatids: animal cells of early 44-cell embryos are in prophase, those of mid 44-cell are in metaphase, and those of late 44-cell are in anaphase. Embryos were fixed for 3-10 min at 17ºC-18ºC in HEPES-buffered Artificial Seawater (ASWH) containing 4% formaldehyde and immediately stained with tritc-phalloidin (Sigma, P-1951).
Embryo Reconstruction and Segmentation
Confocal z-stacks, in which distances between optical sections were set at 1 mm, of fixed embryos stained with tritc-phalloidin and mounted in PBS, were obtained with a 40x Plan-Neofluar oil immersion objective on a biphoton LSM510 META ZEISS confocal microscope equipped with an Amplitude laser with a 1030 nm wavelength. Because of the optical aberration created by the difference in refraction indices between the immersion oil and the PBS in which the samples were mounted, embryos appeared thicker than in reality. This was corrected according to [22] by shortening the z-axis by a factor of 0.8528. After this correction, imaged eggs were spherical (not shown). Likewise, early 32-cell embryos, which, alive, appear spherical under the dissecting scope, also had a spherical shape after the reconstruction. The use of an oil-immersion objective on samples mounted in an aqueous medium also led to the blurring of the parts of the embryo that were most distant from the objective (not shown). We could not correct this spherical aberration, but the blurring was not sufficiently severe as to compromise the identification of cell boundaries. This aberration will be avoided in the future by the use of a water immersion objective. From these image stacks, the outer surface of each blastomere was reconstructed as a polygonal mesh via the MeasurementPro module of Imaris (Bitplane, AG) or the 3D segmentation editor of Amira. Both softwares gave similar results (not shown). Reconstructed 3D objects were exported as an Open Inventor (IV) file (bitplane) or VRML file (Amira) and converted in the 3ds format with ''Ivcon'' and ''3D exploration'' (Xdimension software, LLC) software. This file was edited with Gmax 1.2 (Autodesk) to name cells, correct surface artifacts, and orient the embryo. The editor software was next used to generate two versions of each model, differing in the size and density of polygons in the mesh, without visibly altering the shape of the object. The high-resolution model is used to make quantitative measurements on the geometry of individual structures. The low-resolution model allows the software to run on modest computers and is sufficient to be used for a visual examination of embryos, to query the database, or to display results from such queries. A smooth display of 3D objects was obtained for both versions by averaging the normal vectors of neighboring polygons ( Figure 1D ). The resulting 3D embryo models were exported as a MD3 file, by using the Gmax MD3 export plug-in. The final OBJ format file was obtained with ''3D exploration.'' Upon loading of a 3D object, 3D Virtual Embryo verifies whether the mesh is made of polygons or triangles, and if necessary, decomposes each polygon into triangles to simplify the calculation of biometry measurements. At this step, each triangle ABC is oriented by defining a normal N ABC using the order of the vertices and the right-hand rule, so that triangles on opposite sides of the object will have opposite orientations ( Figure 1D ).
Measure of the External Surface of an Object
The measure of the area of an object is estimated in mm 2 by an algorithm, which calculates the sum of the surfaces of the triangles composing the object's surface with the Heron formula, according to which the surface S of a triangle ABC is:
in which a, b, and c represent the distances CB, CA, and AB, respectively, and p is the half perimeter of the triangle.
Calculation of the Volume of an Object
The algorithm used calculates the volume of the object by summing the signed volumes of a set of pyramids [23] . Starting from an origin O, the software constructs for each triangle ABC of the mesh, with A(x1, y1, z1), B(x2, y2, z2), and C(x3, y3, z3), the tetrahedron having this triangle as a base and O as summit. The signed measure of the volume of each pyramid (V pyr ) is calculated by the formula V pyr = 1 6 ð 2 x 3 y 2 z 1 + x 2 y 3 z 1 + x 3 y 1 z 2 2 x 1 y 3 z 2 2 x 2 y 1 z 3 + x 1 y 2 z 3 Þ:
By this calculation, individual volumes have a negative sign when the normal of the triangle points toward O and a positive sign otherwise. The total volume of the object is the sum of the signed volumes of all tetrahedrons.
Calculation of the Inequality of Cleavage between Sister Cells
The inequality of cleavage (Uc) is computed by comparing the volume of two sister cells A and B. If A has larger volume than B, we calculate
which is expressed as a percentage.
Calculation of the Area of Contact between 3D Objects 3D Virtual Embryo first computes the distance between each couple of points on the two neighboring objects and selects the points of each mesh that are closer than a user-specified threshold (default is 4 mm) from the other object. Once a point is selected, the triangles it belongs to in the mesh are kept in memory and used to display, on each object, the surface of contact in 3D. As an alternative calculation, 3D Virtual Embryo uses the selected points to link them and create new triangles to reconstruct the surface of contact by a standard Delaunay triangulation algorithm [24] . This second approach is less sensitive to the resolution of the model, but it is unsuitable to compute irregular contacts. Once the surface of contact is reconstructed, its area is calculated by the Heron formula as above.
Principal Components Analysis
The first step of this procedure is to determine for each object a local referential, centered on the object's center of gravity, and defined by the object's principal axes, which correspond to the three orthogonal main axes of the smallest ellipsoid enclosing the object. If all triangles of mesh were of equal size, the center of gravity of each object would be calculated as the point having coordinates equal to the mean of the coordinates of all centers of gravity of the triangles. Triangles, however, have different sizes. To correct this effect, the center of gravity of the mesh was calculated by weighing the center of gravity of each triangle by the surface of the triangle. With this point as an origin, the matrix M of the coordinates of the n vertices on the 3D mesh surface of the object is created and its 3 3 3 covariance matrix M where l i are the eigenvalues. These equations define three orthonormal eigenvectors, one along each principal axis of the enclosing ellipsoid and three eigenvalues.
Defining the Best-Fitting Bounding Box and Convex Hull of an Object
Eigenvectors are used to compute a bounding box defined as the smallest square box including an object ( Figure 3A ). Its edges are parallel to the three principal axes of the object. Its boundaries are defined by the largest coordinates of object vertices along each of the six half-lines defined by the principal axes. To define the convex hull of each object, Qhull was integrated into 3D Virtual Embryo, and the coordinates of the convex hull of each object were calculated as described in [25] .
Computation of Geometry Descriptors 3D Virtual Embryo computes eight 3D geometry descriptors characterizing the ''Entropy,'' ''Squareness,'' ''Elongation,'' ''Flatness,'' ''Sphericity,'' ''Convexity,'' ''Surface over volume'' (or ''S/V'') ratio, and ''Fractional Occupancy'' of an object. The entropy of an object provides a measure of its compactness. It was calculated from the object's eigenvalues l i (i = 1, 2, 3) along the principal axes. If we define: pi = li l1 + l2 + l3 ; i = 1; 2; 3;
the entropy m entrop is calculated by:
pilogðpiÞ:
m entrop , expressed as a percentage, is comprised between 0 and 100 for any shape. It is null for a straight line and equals 100 for a perfect sphere. The squareness factor, Sq, is computed by comparing the volume of the bounding box to the corresponding object:
Measures of the elongation and flatness of an object are computed by comparing the lengths e max , e mid , and e min of the three edges of its bounding box. A box is defined as elongated if the length e max of the longest edge is significantly larger than e mid of the intermediate edge. Conversely, an object is considered flat if the length e min of the shortest edge is significantly shorter than e mid of the intermediate edge. We therefore defined m elong = 1 2 e max e mid and m flat = 1 2 e mid e min ;
which are expressed as percentages.
To calculate the sphericity of an object, we chose among several methods that of Silva and colleagues [26] , which gave best agreement with the apparent sphericity of the embryonic blastomeres:
where S is the surface of the object and V its volume. The convexity of an object was computed as the ratio of the volume of the object over the volume of its convex hull. A value of 1 means the object is convex, and this value decreases with the apparition of concave domains.
The S/V ratio was calculated by dividing the surface of the object by its volume, while the fractional occupancy, which provides a measure of portion of the embryo a cell occupies, is calculated by dividing the volume of the cell by the sum of the volumes of all cells, taken as a measure of the total embryo volume, as early ascidian embryos have no coelomic cavities.
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